We propose a non-universal U (1) F symmetry combined with the Minimal Supersymmetric Standard Model. All anomaly cancellation conditions are satisfied without exotic fields other than three right-handed neutrinos. Because our model allows all three generations of chiral superfields to have different U (1) F charges, upon the breaking of the U (1) F symmetry at a low scale, realistic masses and mixing angles in both the quark and lepton sectors are obtained. In our model, neutrinos are predicted to be Dirac fermions and their mass ordering is of the inverted hierarchy type. The U (1) F charges of the chiral super-fields also naturally suppress the µ term and automatically forbid baryon number and lepton number violating operators. While all flavor-changing neutral current constraints in the down quark and charged lepton sectors can be satisfied, we find that the constraint from D 0 − D 0 turns out to be much more stringent than the constraints from the precision electroweak data. *
I. INTRODUCTION
The U (1) symmetry exists in many extensions of the Standard Model (SM). It can arise from a grand unified theory based on SO(10) or E 6 [1] [2] [3] . In the presence of fermions or Higgs bosons with non-standard SM charges, a non-unifiable U (1) symmetry can also exist [4] . In addition, the U (1) symmetries abound in many low energy effective theories of the string theories [5] . If the U (1) breaking scale is at the TeV scale, the Z gauge boson associated with the breaking of the U (1) symmetry may be discovered at the early stages of the Large Hadron Collider (LHC)
operation.
Models with an extra U (1) symmetry at the TeV scale are severely constrained by the flavorchanging-neutral-current (FCNC) processes and by the electroweak precision measurements. In the generation dependent U (1) model, the off-diagonal terms in the Yukawa matrices can lead to FCNCs at the tree level through the exchange of the Z gauge boson. The most stringent experimetal constraints are in the down-type quark sector from the measurements of K 0 − K 0 mixing and B 0 − B 0 mixing, and in the lepton sector from the non-observation of µ − e conversion, µ → e + e − e + , τ → e + e − e + and τ → µ + µ − µ + . While recent measurement of D 0 − D 0 mixing places a bound on the 1 − 2 mixing in the up-type quark sector, such limit is not as severe as those in the down-type quark sector. So far, there is no constraint on other mixing in the up-type quark sector.
To satisfy the FCNC constraints, most models [6] [7] [8] assume that the U (1) charges are universal across the three generations of Standard Model (SM) fermions. Due to the fact that the most stringent constraints from FCNCs appear in the processes that involve the first and second generations of fermions, a non-universal U (1) at the TeV scale can be consistent with the experimental constraints on flavor violation, if the first two generations of the SM fermions have the same U (1) charges and the flavor non-universality occurs between the third family charges and the charges of the first and second families of fermions [9] .
In this paper, we relax the assumption of having universal charges for the first and second families. Instead, all three generations of SM fermions are allowed to have different charges under the U (1) symmetry. The FCNC constraints are satisfied by attributing the flavor mixing to the up-type quark and neutrino sectors, while having flavor diagonal down-type quark and charged lepton sectors, given that the down-type quark and charged lepton sectors are most stringently constrained. In this scenario, the U (1) can play the role of a family symmetry [11] [12] [13] that gives rise to realistic mass hierarchy and mixing angles among the SM fermions through the Froggatt-Nielsen (FN) mechanism [10] . In addition, the U (1) charge assignment naturally suppresses the µ term, and it forbids at the tree level baryon number and lepton number violating operators that could lead to proton decay.
This paper is organized as follows. In Section II we present the flavor non-universal U (1) model combined with MSSM. In particular we show how all gauge anomalies are cancelled and how realistic masses and mixing angles of all quarks and leptons (including the neutrinos) are generated. In addition, the implications for the µ problem and proton decay is also discussed.
Section III gives the parameter space of this model allowed by the most stringent experimental constraints. Phenomenological implications of our model for collider experiments are discussed in Section IV. The mass spectrum of the super particles and the new phenomenology signatures in addition to the MSSM are discussed in section V. Section VI concludes the paper.
II. THE MODEL
In MSSM with three right-handed neutrinos, the superpotential for the Yukawa sector and Higgs sector that gives masses to all SM fermions and Higgs fields is given as follows,
In the presence of an additional U (1) F symmetry under which various chiral super-fields are charged, the Yukawa matrices shown above are the effective Yukawa couplings generated through higher dimensional operators. As a result, they can be written as powers of the ratio of the flavon Higgs field, Φ, that breaks the U (1) F symmetry, to the cutoff scale of the U (1) F symmetry, Λ,
Similarly, the effective µ term is generated by the higher dimensional operator and it is given by
Here the chiral superfield Φ is a SM gauge singlet whose U (1) F charge is normalized to −1/3 in our model; q i and q j are the U (1) F charges of the chiral superfields of the i-th and j-th generations of quarks and leptons, while q H (which can be q Hu or q H d ) denotes the U (1) F charges of the upand down-type Higgses. Note that if q i + q j + q H < 0 or q Hu + q H d < 1/3, then instead of the Φ field, the field Φ whose U (1) F charge is 1/3 is used respectively in Eq.(2) and (3). The terms with non-integer 3|q i + q j + q H | and 3|q Hu + q H d | are not allowed in the superpotential given that the number of the flavon fields must be an integer. This thus naturally gives rise to texture-zeros in the Yukawa matrices. Once the scalar component φ (φ ) of the flavon superfield Φ (Φ ) acquires a vacuum expectation value (VEV), the U (1) F symmetry is broken. Upon the breaking of the U (1) F symmetry and the electroweak symmetry, the effective Yukawa couplings can be rewritten as,
and the effective µ term is given by,
where ≡ (< φ > /Λ) 3 and ≡ (< φ > /Λ) 3 . By choosing the expansion parameters and to be of the size of the Cabibbo angle ∼ 0.22, we have found solutions to the charges that give rise to realistic fermion masses and mixing angles with all Yukawa couplings of order y ij ∼ O(1). One thing to address here is that although both and have to be of the size ∼ 0.22, < φ > and < φ >
are not necessarily to be the same due to the existence of the O(1) coefficients y i,j and µ ud . These charges also suppress the effective µ term by a factor of
value in the range of ∼ [1, 2] , the effective µ term of the size of 100 GeV can naturally arise.
We then search for charges that satisfy all anomaly cancellation conditions and at the same time give rise to realistic masses and mixing angles for all SM fermions and a µ term of the right size. The details are discussed below.
A. Anomaly Cancellation
By expanding the gauge symmetry of MSSM with an additional U (1) F symmetry, there are six additional anomaly cancellation conditions. For all Higgs super-fileds in our model, we assume that they appear in conjugate pairs and therefore do not contribute to the gauge anomalies. As a result, only the charges of the three generations of matter fields are constrained by the anomaly cancellation conditions:
The first two anomaly conditions, Eqs.(12) and (13) , are satisfied automatically with the following parametrization of the U (1) F charges,
where parameters a, a , b, and b characterize the charge splittings between different generations of q t i and q N i . The charges q f i and charge splitting parameters, a, a , b, and b , are determined by the cubic equation Eq. (14) and the observed fermion masses and mixings as shown in the following section.
B. Fermion Masses and Mixings
The U (1) F charges give the following up-type quark Yukawa matrix,
and the Yukawa matrix of the down-type quarks is given by,
(It is again to be understood that if the arguments of the absolute values are negative, then should be utilized instead of .) Because the top quark is heavy, we assume that its mass term is generated at the renormalizable level, and thus
To avoid the tree level FCNCs while allowing all three generations of chiral super-fields to have different U (1) F charges, we attribute all flavor mixings in the up-type quark and neutrino sectors with down-type quark and charged lepton sectors being flavor diagonal. Ideally the texture-zeros in the down-type quark and charged lepton sectors are generated due to the non-integer exponents as determined by the U (1) F charges. Nevertheless, no solution is found that can give diagonal down-type quark and charged lepton sectors and at the same time satisfy all other constraints in the model. We therefore impose an additional Z 8 symmetry to forbid the off diagonal elements in the down-type quark and charged lepton mass matrices. The transformation properties of various chiral superfields are summarized in Table I .
Realistic mass and mixing spectrum is found with
and also 
being the VEVs of the neutral scalar components of the Higgs supermultiplets. All elements in the up-type quark Yukawa matrix has Z 8 parity of +1, and thus they are all allowed. The elements in the down-type quark Yukawa matrix have the following transformation properties under the Z 8 parity,
As a result, only the diagonal elements in the down-type quark Yukawa matrix are allowed. The resulting effective Yukawa matrices of the up-and down-type quarks are thus given, in terms of or , as
Due to the SU (5)-inspired charge assignment, we also have Y E = Y T D . Eqs. (22) and (23) give rise to realistic masses of up-and down-type quarks and charged leptons as well as all CKM matrix elements. Since no mixing appears in the down-type quark and the charge lepton sectors, all FCNC constraints are satisfied.
With the above charge assignment, the [U (1) F ] 3 anomaly cancellation condition is satisfied if
for any b and b . The values of b and b are determined by the neutrino sector. The Dirac, left-handed, and right-handed Majorana Neutrino mass terms are given, respectively, as follows,
By choosing
only the Dirac neutrino mass matrix is allowed since all elements in the left-handed and righthanded neutrino Majorana mass matrices are non-integers. Furthermore, elements of the Dirac neutrino mass matrix have the following transformation properties under the Z 8 parity,
Therefore, only the second column and the (3,1) element are allowed, leading to the following Dirac neutrino mass matrix,
With the following Y ij coefficients of the order of unity, we obtain Field ν The matrix
The resulting neutrino mixing pattern arising from the matrix Y N given above is close to the tri-bimaximal mixing pattern. The three absolute masses are predicted to be,
These three masses give the following values for the squared mass differences
which satisfy the neutrino experimental results [14, 15] and predict the inverted mass ordering for the light neutrinos.
The U (1) F charges that correspond to the parameters given in Eqs. (17), (18), (19) , (24), and (28) are summarized in Table II .
C. Implications for the µ problem and Proton Decay
Due to the presence of the U (1) F symmetry, the µ parameter in our model is given by,
The parameter C is defined as
where v 2 = v 2 u + v 2 d while u and ψ are defined through φ = u sin ψ and φ = u cos ψ, with φ and φ being the scalar component of the chiral superfield Φ and Φ , respectively. The more detailed description of the Higgs sector of our model is given in Section V A 1.
Generally, a delicate cancellation between the Higgs masses and a µ term of the weak scale is required in order to obtain the observed M Z [16] . This is known as the µ problem [17] . In our The U (1) F charge assignment of the chiral superfields also automatically forbids lepton number and baryon number violating operators at the tree level. In general, lepton number and baryon number violating operators
are allowed by supersymmetry, and they can lead to proton decay processes, e.g.
To avoid those operators, the usual way is to impose the conservation of the R-parity, which is defined as P R = (−1) 3(B−L)+2s with B being the baryon number, L being the lepton number, and s being the spin of the particle [18] . Without imposing the R-parity, in our model the U (1) F charges automatically forbid these operators since these operators are not U (1) F gauge invariant.
III. EXPERIMENTAL CONSTRAINTS A. Electroweak Precision Constraints
Because H u and H d both are charged under U (1) F , tree-level kinetic mixing between the Z and Z gauge bosons exists in our model. The Z − Z mixing contributes to the ρ parameter and therefore it is very severely constrained [19] [20] [21] . The kinetic terms of the Higgses lead to mass terms for the gauge bosons, Z F , B Y , and W 3 , which are associated with U (1) F , U (1) Y , and the
and g 2 , g 1 , and g z are the SU (2) L , U (1) Y , and U (1) F gauge coupling constants. After diagonalizing the mass matrix for the gauge bosons, we obtain three physical eigenstates which are identified as the photon, the Z boson, and the Z boson
The masses of the physical gauge bosons are given by
and the term
is the Higgs induced kinetic mixing between Z and Z , which is severely constrained by the precision electroweak data. The electroweak precision measurements indicate that the ρ parameter is very close to 1 and the experimentally allowed deviation, ∆ρ, is given by,
In the U (1) F model, ∆ρ is given by,
The experimental limit on ∆ρ then is translated into the following constraints on the U (1) gauge coupling g z and the Z mass with tan β = 25 in our model,
As shown in Figure 1 , for a relatively light Z mass of 600 GeV, the gauge coupling g z must be smaller than < ∼ 0.02 in order to satisfy the precision electroweak constraint on the ρ parameter.
With increasing Z mass, the maximally allowed value for g z increases, to a very good approximation, linearly.
We note that, in addition to the Higgs-induced contribution discussed above, the Z − Z mixing can also be generated by an explicit kinetic mixing term in the Lagrangian and by the renormalization group evolution [22] . There thus exists possible cancellation among these contributions to the ρ parameter, allowing the constraints on g z and M Z to be loosened. 
B. Constraints from Flavor-Changing Neutral Currents
Following the formalism in [9] , the neutral current Lagrangian in the gauge eigenstates can be written as
where e = g 1 g 2 / g 2 1 + g 2 2 and cos θ w = g 2 / g 2 1 + g 2 2 , sin θ w = g 1 / g 2 1 + g 2 2 and θ w is the weak mixing angle in SM. The currents are defined as
where the summations are taken over all quarks and leptons, ψ i,j , and P R,L = 1 2 (1 ± γ 5 ) are the projection operators. The gauge coupling constants of the SM Z boson are given by
where t i 3 and Q e i are the third component of the weak isospin and the electric charge of fermion i, respectively. The gauge coupling constants to Z are denoted by 
Hence, the Z coupling matrices in the fermion mass eigenstate basis are
The currents J µ and J in the mass eigenstates of the fermions can then be written as
and the neutral current interaction in the bases of the mass eigenstates of the fermions, Z and Z
with θ being the Z − Z mixing angle and sin θ ∼ δ ZZ . The unitary matrices V ψ L are constrained by the CKM matrix in the left-handed quark sector through the relation
and equivalently for the lepton sector by the PMNS matrix,
The flavor-changing neutral current interactions are severely constrained by various experiments 
where m P and F P are the mass and decay constant of the meson, respectively. Since the mass eigenstates and the gauge eigenstates of the down-type quarks and the charged lepton sector are the same, there are no FCNCs in the down-type quark and charged-lepton sectors through the Z exchange at the tree level. For the up-type quark sector, the only available experimental constraints is for the first two families and the most stringent one is from D 0 −D 0 mixing. In our model, the
and 
where C ij ≡ cos θ ij , S ij ≡ sin θ ij , and θ ij are mixing angles. As a result of the U ( 
which leads to the following contribution to the mass splitting due to the Z exchange,
The experimental constraint on the mass spliting of D 0 −D 0 system is |∆m D | ≤ 1.56 × 10 −5 eV [24] . Therefore, we obtain conservatively the constraint
which is much more stringent than the constraints from the precision electroweak data. Hence, taking g z = 0.02, the mass of the Z has to satisfy M Z > 33. 18 TeV. Similar to the Z − Z mixing, there exist additional contributions from the sparticle sector to the D meson mixing which can potentially cancel the contribution due to the Z exchange [25] , allowing the constraints on the g z and M Z to be loosened. In addition, the contributions due to the long range effects in the standard model, which are intrinsically non-perturbative and thus have large uncertainty, potentially also can relax the constraints, when included.
We also note that in our model the contributions to the D meson leptonic and semi-leptonic decay modes through Z mediation are negligible. 
IV. COLLIDER SIGNATURES
The Z gauge boson associated with the U (1) F breaking has a mass on the order of a TeV and therefore it can be produced at the collider experiments. A recent updated limit specific for our model from CDF Z searches at CDF can be found in Ref. Due to the fact that the U (1) charges of the superfields are generation dependent, in addition to the flavor conserving Z decay channels, some flavor violating decay channels are also allowed in our model. These are discussed in the following.
A. Flavor Conserving Decays
Since the three generations of superfields have non-universal U (1) charges, the branching fractions among different Z leptonic decay channels are very distinguishable due to the large charge splittings. The Z partial decay width for different channels at the tree level is given by,
in which the color factor N c is 1 for leptons and 3 for quarks. The flavor conserving processes contributing to the Z decay width through Z − Z mixing is relatively small. Therefore, the Z decay width can be estimated by
and the ratios of branching fractions for the flavor preserving leptonic decay channels with respective to the τ decay channels are predicted to be
∼ 37.378 : 7.153 : 1 .
The branching fractions for different Z hadronic decay channels relative to the
: Due to the large right-handed neutrino charges, the branching fraction for the Z invisible decay is enhanced in our model,
B. Flavor Violating Decays
In addition to the differentiable flavor conserving Z decay channels, the Z in our model also has flavor violating decay modes. Specifically, these are the decay modes into different generations of up-type quarks, and the branching fractions of these decays are The branching fractions of some of the flavor violating Z decay modes are comparable to those of the flavor conserving processes. Thus if the quark flavors can be identified, we may be able to detect these flavor violating processes [26] .
In addition to the flavor violating Z decay, top quark and charm quark rare decays are also allowed and thus they can potentially distinguish our model from flavor conserving U (1) models.
For example, the rare decays t → ql ili and t → qν iνi (where q can be any up-type quark except for the top quark) are possible at the tree level through Z exchange in our model. Using the formulae given in the appendix, the branching fraction Br(t → ue + e − ) (which is relatively large among the rare decay modes) is roughly 10 −12 ∼ 10 −13 , which are too small to be observable. While the branching fractions of the decay mode t → uνν can be a factor of 10 ∼ 100 bigger, they are still unobservable at the current experiments. These branching fractions, which scale as g 4 z , are highly suppressed due to the small overall U (1) gauge coupling g z for which we choose g z = 0.02 as a benchmark point in this paper. If g z can be allowed to increase, while still satisfying all of the electroweak precision measurements and FCNC constraints, by including renormalization group contribution to Z − Z mixing and superpartner contributions to D 0 − D 0 mixing, these flavor violating decays may be accessible to the current experiments. (Existing phenomenological study of these flavor violating decays can be found in [28] .)
V. SPARTICLE MASS SPECTRUM
Since we extend the MSSM by a generation dependent U (1) F symmetry, the mass spectrum of the sparticles and their associated phenomenology in our model can be different from the usual MSSM. Below we show the electroweak and U (1) F symmetry breaking conditions, the msss spectrum of the sparticles, as well as β functions of the gauge couplings and the Yukawa couplings, which are modified due to the presence of U (1) F . The neutralino sector is the most significantly different sector from that of the MSSM; this is illustrated by a numerical example. 
Neutralino and Chargino sector
The (Majorana) mass matrix of the neutralinos (B,
in whichM 1 ,M 1 andM 2 are the corresponding gaugino masses for
respectively. The physical neutralino masses mÑ0
can be obtained by diagnolizing the mass matrix above, with each physical neutralino given in terms of the composition defined below,
The interactions among neutrilino, femions and sfermions are summarized in Table III .
In the basis (W
, the chargino (Dirac) mass matrix is given by
Sfermion sector
The mass squared matrices of the sfermions in the (f i L ,f i R ) T basis are given by,
In the 6 × 6 soft mass matrices shown above, mQ, mũ, md, mL, mẽ, mν are the soft masses for squarks and sleptons whose explicit forms depend on the specific SUSY breaking mechanism. In general, the effects of the the U (1) F symmetry can manifest in gravity mediated, gauge mediated, and anomaly mediated contributions. Specifically, the soft mass terms can be expressed, schematically in the basis where gluino couplings are diagonal , as
, m 2 e , m 2 ν . The first terms refer to the gauge mediated SUSY breaking (GMSB) contributions due to SM gauge interactions, which are flavor universal.
They can be schematically written as
and similarly form 2 R , with N msg being the number of messengers, M msg being the messenger scale, and F being the F-term of some gauge singlet field that triggers SUSY breaking and the summation is taken over the SM gauge groups under which the matter multiplets are charged. The second terms correspond to the GMSB contributions due to the U (1) F gauge interactions, which are flavor non-universal. These contributions have the form,
and similarly for (m 2 R ) ii , with q ψ i being the U (1) F charges of the corresponding sfermions. The third terms are due to gravity mediation arising from operators in the Kahler potential of the form [29] ,
where M Pl is the reduced Planck scale, and the coefficients X ij are determined by the U (1) F charge differences, 
The non-universal D term contributions can also lead to CKM and MNS induced FCNCs. However, due to the relative smallness of g z q ψ i , these D terms contributions are much suppressed compared to the SM D term contributions. In anomaly mediated SUSY breaking, the U (1) F effects can manifest through the anomalous dimensions of the matter fields. Due to the smallness of g z q ψ i compared to SM gauge couplings, their contributions to the anomalous dimensions of the matter fields are suppressed.
Renormalization Group Equations
The presence of U (1) F also changes the β functions. For the beta functions of the gauge coupling constants, the effects of U (1) F appear at the two loop level. For the beta functions of the Yukawa coupling constants, the U (1) F effects appear at one loop. Below are the beta functions including the leading U (1) F effects, 
, where g 1 = 
Due to the non-universal U (1) F charges, there exist non-universal contributions to the sfermion soft masses in the RG equations. Nevertheless, the smallness of the g z q ψ i suppresses these nonuniversal contributions.
B. Numerical Result
In the numerical example, we utilize two loop RGEs for all coupling constants. Given that the effects of U (1) F are subdominant, we restrict ourselves in the numerical example below to the mSUGRA boundary condition for MSSM multiplets, and we include the up type quark mixing.
We choose the SPS 1A values for the soft mass parameters at the GUT scale: the universal scalar soft mass m 0 = 100 GeV, the universal gaugino soft mass m 1/2 = 250 GeV and the trilinear term
GeV. In addition, we take tan β = 25, tan ψ = 0.9. Since the gauge coupling of the U (1) F (g z ) is relatively small, it is reasonable to ignore the running effect from the U (1) F . Further, we obtain the soft masses of the gauginos at the SUSY breaking scale which arẽ 
After diagonalizing the mass matrix above, the masses of the neutralinos and their compositions are summarized in Table IV .
From Table IV 
The mass spectrum of the charginos and the sfermions is summarized in Table V . The lightest sfermion in this example is the stau.
VI. CONCLUSION
In this paper, we propose a non-universal U (1) F symmetry combined with MSSM. All gauge anomaly cancellation conditions in our model are satisfied without exotic fields other than three right-handed neutrinos. Because all three generations of chiral superfields have different U (1) F charges, realistic masses and mixing angles in both the quark and lepton sectors are obtained, after the U (1) F symmetry is broken at a low scale. In our model, neutrinos are predicted to be Dirac fermions and their mass ordering is of the inverted hierarchy type. The U (1) F charges of the chiral super-fields also naturally suppress the µ term and automatically forbid baryon number and lepton number violating operators. Even though all FCNCs constraints in the down quark and charged lepton sectors can be satisfied, we find that constraint from D 0 − D 0 turns out to be much more stringent than the constraints from the precision electroweak data.
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Appendix A: Top Quark Rare Decays
The effective four fermion operators that can lead to top quark rare decays are [9] , where J m and J m are currents that couple to Z and Z , respectively, and
The variables ψ and χ denote the fermionic fields while i, j, k, l are the family indices. The coefficients for the effective four fermion operators are
where ρ ef f , w, and y are defined as ρ ef f = ρ 1 cos 2 θ + ρ 2 sin 2 θ ,
and M 1 = M Z and M 2 = M Z . At the tree level, the decay width of q i → q j ψ kψl is Γ(q i → q j ψ kψl ) = 3N c k G 2 F m 5
